Previous studies of human hepatitis B virus (HBV) transcription revealed the requirement of two enhancer elements. Enhancer I (EnhI) is located upstream of the X promoter and is targeted by multiple activators, including basic leucine zipper proteins, and enhancer II (EnhII) is located upstream to the PreCore promoter and is targeted mainly by nuclear receptors (NRs). The mode of interplay between these enhancers and their unique contributions in regulating HBV transcription remained obscure. By using time course analysis we revealed that the HBV transcripts are categorized into early and late groups. Chang (CCL-13) cells are impaired in expression of the late transcripts. This could be corrected by overexpressing EnhII activators, such as hepatocyte nuclear factor 4␣, the retinoid X receptor ␣, and the peroxisome proliferator-activated receptor ␣, suggesting that in Chang cells EnhI but not EnhII is active. Replacing the 5-end EnhI sequence with a synthetic Gal4 response (UAS) DNA fragment ceased the production of the early transcripts. Under this condition NR overexpression poorly activated EnhII. However, activation of the UAS by Gal4-p53 restored both the expression of the early transcripts and the EnhII response to NRs. Thus, a functional EnhI is required for activation of EnhII. We found a major difference between Gal4-p53 and Gal4-VP16 behavior. Gal4-p53 activated the early transcripts, while Gal4-VP16 inhibited the early transcripts but activated the late transcripts. These findings indicate that the composition of the EnhI binding proteins may play a role in early to late switching. Our data provides strong evidence for the role of EnhI in regulating global and temporal HBV gene expression.
Hepatitis B virus (HBV) is the prototype of the hepadnaviridae, a family of small hepatotropic enveloped viruses. The HBV genome consists of a partially double-stranded 3.2-kb DNA with four major open reading frames (ORFs). These ORFs encode the reverse transcriptase (Pol protein), Core proteins (preCore and Core), three surface antigen proteins (preS1, preS2, and S), and the X protein (pX). Upon infection the viral genome targets the host nucleus, where it detaches from the viral polymerase and is repaired, acquiring a covalently closed circular DNA (cccDNA) configuration. cccDNA serves as a template for mRNA synthesis by the host polymerase II. At least five promoters control the synthesis of the six major viral transcripts. Two distinct transcripts are initiated at the X-gene promoter (12, 20, 28) , both encoding the X protein (12) . One is a short 0.7-kb transcript named short-X RNA (sxRNA), and the other is a 3.9-kb transcript named long-X RNA (lxRNA). The preCore and Core promoters are about 30 bp apart and initiate the synthesis of the pregenomic and preCore RNA species, designated pg/pcRNA. The pgRNA has a dual function: it is used as a template for viral replication and is translated into the Core protein. This transcript is assumed to translate the Pol protein. Other major HBV transcripts initiate either at the preS1 or preS2/S gene promoters. Their corresponding transcripts are named preS1 and preS2/S RNA, respectively. These are the major known HBV transcripts that escape splicing.
Two enhancers, designated enhancer I (EnhI) and enhancer II (EnhII), have been identified in the HBV genome. Both enhancers exhibit greater activity in cell lines of hepatic origin, and they also function in conjunction with heterologous promoters (3, 17, 23, 25, 46, 53, 57) . EnhI regulates not only the juxtapositioned X promoter (16) but also all the other viral promoters (1, 11, 23, 24) . EnhI is essential for HBV transcription and can be partially replaced by the simian virus 40 enhancer (24) . HBV-transgenic mice lacking EnhI at the 5Ј end of the inserted DNA are defective in virion production and poorly supported liver-specific HBV expression (19) . A region within EnhI binds multiple transcription activators of the basic leucine zipper family, including C/EBP (9), the AP-1 complex (13) , and ATFs (35) . This region possesses an intrinsic enhancer activity in a variety of hepatic cell lines (13, 29, 48) . In addition, cellular factors involved in cell cycle control and apoptosis, including the tumor suppressor protein p53 (39) , its homologue p73 (11) , the proto-oncoprotein c-Abl (10) , and RFX-1 (26, 45) , specifically bind and regulate EnhI activity. Recently, in vivo footprinting analysis has demonstrated that the EnhI region is occupied by the aforementioned cell cycle control proteins (43) . EnhII is situated immediately upstream to the pg/pc promoter and has been implicated in regulating its transcription as well as the transcription of the preS2/S promoters (30, 56) .
Nuclear receptors (NRs) are a superfamily of over 150 different intracellular proteins that directly control the activity of target genes through interaction with small lipophilic signaling molecules (reviewed in reference 36). There is a substantial body of evidence indicating that NRs have an effect on HBV gene expression through their nuclear receptor responding elements (NRREs) that are found in both EnhI and EnhII/pre-C regions (25, 42, 47, 54) . The HBV NRREs mainly bind the hepatocyte nuclear factor 4␣ (HNF4␣), the retinoid X receptor ␣ (RXR␣), and the peroxisome proliferator-activated re-ceptor ␣ (PPAR␣). Recent studies suggest that while the preCore NRRE is important for viral pgRNA and DNA synthesis, the NRRE of EnhI plays a more global role and can be compensated for by other binding factors (53) . The HBV NRREs play an important role in the HBV life cycle, as has been demonstrated by mutational analysis (46, 53, 55) . Recently it has been reported that overexpressing HNF4␣ and RXR␣-PPAR␣ support HBV expression and replication in a heterologous nonpermissive cell line (46) . This suggests that these NRs are not only required but are also sufficient in supporting HBV transcription. However, the obtained level of expression under this condition was very low, implying a more complex regulation mechanism of HBV gene expression.
Temporal HBV gene expression has been poorly investigated due to the lack of efficient infectious culture systems. It has been reported that the expression of HBV sxRNA is transient, and its level drops to minimal levels much before the other transcripts (51) . The question of whether the X promoter is the first to be activated has not been addressed. We found this to be a possible explanation for the requirement of two enhancers. It is possible that the two enhancers, each regulating a different set of transcripts, are functional at different stages of the HBV life cycle. EnhI is active early upon transfection, while EnhII is activated later, concomitant with the silencing of EnhI. Our data provides strong evidence in support of this model. Early-late switching of transcription of many DNA viruses is executed by virally encoded proteins. We show that the early-late switching in HBV transcription can be determined by an alternative mechanism. This switching mechanism involves the transcription activation domain of the activators together with EnhI. The molecular basis of this alternative mechanism remained to be resolved.
MATERIALS AND METHODS
Plasmid constructions. HBV DNA was inserted into pGEM-3Z (Promega), an inert vector containing no eukaryotic regulatory elements. A 2xHBV plasmid containing two head-to-tail copies of HBV full-length DNA (subtype adw) was ligated into pGEM-3Z by using the unique EcoRI sites. The 1.3xHBV DNA construct contains an overlength HBV genome of 4,195 bp. It has a unique EcoRV site (nucleotide 1043) at the 5Ј terminus and a unique TaqI site (nucleotide 2017) at the 3Ј terminus. This EcoRV-TaqI HBV fragment was inserted between the SmaI and AccI unique sites of pGEM-3Z as described previously (12) . The 1.3xHBV-Luciferase plasmid was constructed by substitution of the HBV sequences between the BglII and SpeI restriction sites with the Luciferase ORF. The functional ATG of the inserted luciferase gene is of the Core ORF, and therefore it is produced by the pgRNA under the regulation of the pgRNA promoter. To obtain a circular genomic DNA, 200 g of linear HBV DNA was excised from the 2xHBV plasmid by EcoRI and was religated in a diluted (100 ml) ligation mix to encourage intramolecular self ligation (12) . The construction of the 1.3xX-Core and the 1.3xX KO -Core HBV DNA was previously described (12) . For production of the Gal4-1.3xHBV construct, the DNA fragment of the 5Ј EnhI-X gene copy between the unique EcoRV and SphI restriction sites has been replaced with four copies of a Gal4-responsive sequence (5Ј CGGAGTA CTGTCCTCCGAG 3Ј).
Cell culture, DNA transfection, and RNA analysis. Huh7 and Chang cells were cultured in Dulbecco's modified Eagle's minimal essential medium (D5796; Sigma) containing 100 U of penicillin and 100 g of streptomycin per ml, supplemented with 8% fetal bovine serum (GIBCO Laboratories). Transfection was carried out by the CaPi method as previously described (12) . Cells were seeded in 9-cm-diameter plates 6 to 8 h prior to transfection and reached 60% confluence at the time of transfection. The transfection was carried out with 15 g of HBV DNA and 10 g of carrier pGEM-3Z plasmid DNA per 10-cm dish. Other expression plasmids were used in amounts as indicated in the figure legends, but the total DNA amount was kept constant. In each case a green fluorescent protein expression plasmid was used to monitor transfection efficiency.
When NR ligands were used, cells were plated in medium supplemented with 8% charcoal-treated fetal bovine serum starting 24 h before transfection. About 16 h after transfection, cells were washed twice with a solution of phosphatebuffered saline (PBS) plus Ca 2ϩ and Mg 2ϩ and were incubated with fresh medium for an additional 30 h before harvesting.
For RNA analysis, total RNA was extracted and analyzed by Northern blotting as previously described (12) . HBV radioactive probes were prepared by using the DNA of the X-gene region. For a GAPDH probe, 1.3 kb of GAPDH cDNA was used. Probes were labeled by using a random priming protocol with the desired DNA template and [␣-
32 P]dCTP (3,000 ci/mmol; Amersham). About 106 cpm (10 ng of DNA) labeled DNA fragments were used per 1 ml of hybridization buffer. After hybridization the membrane was washed for 20 min at 65°C in a 0.1% SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate buffer and was exposed to an X-ray film for autoradiography.
Protein analysis. Proteins were extracted from cells by TRI-REAGENT (MRC, Inc.) according to the manufacturer's instructions and were solubilized in Laemmli sample buffer containing 4 M urea by incubation for 30 min at 50°C. Soluble proteins were boiled for 10 min and subsequently were fractionated on sodium dodecyl sulfate-10% polyacrylamide gels. For Western blot analysis, gels were electroblotted to a nitrocellulose membrane for 1 h at 200 mA. Membrane filters were stained after blotting by ponceau S and were soaked for 2 h at room temperature in a blocking solution (PBS containing 10% nonfat milk and 0.01% [vol/vol] Tween-20 [Sigma]). All further incubation steps were performed with the same solution. Filters were incubated for 1 to 2 h at room temperature in the presence of either monoclonal mouse anti-HBcAg (mAb 22), generated as previously described (40) , polyclonal (immunoglobulin G purified) rabbit anti-Gal4 generated in our laboratory (22) , or anti-␤-tubulin (clone no. TUB2.1; Sigma) antibodies, and washed three times with PBS plus 0.01% Tween-20. Goat antirabbit or goat anti-mouse antibody conjugated with horseradish peroxidase (ICN laboratories) was added (diluted 1:10,000 in blocking solution) and was incubated for an additional 1 h, followed by three rounds of washes. Antibodyantigen complexes were visualized by the ECL chemiluminescent detection system (Pierce) according to the manufacturer's instructions.
RESULTS

Early and late HBV transcripts.
To study the temporal aspect of HBV transcription, Huh7, a highly differentiated hepatocellular carcinoma cell line, was transfected with HBV DNA and was harvested for RNA analysis every 2 h starting at 8 h posttransfection. Given the circular nature of the HBV 3.2-kb DNA, the cloned genome does not contain a contiguous viral genome. We generated and used a construct containing a 1.3X genome in tandem and in head-to-tail configuration (Fig.  1A) . The 1.3xHBV 4.2-kb DNA construct is capable of programming the expression of all the HBV mRNA species and supports viral replication in hepatoma cells and hepatocytes of transgenic mice (19) . About 16 h after transfection the two X RNA species were the first to be detected (Fig. 1B) . These RNA bands include the long 3.9-kb transcript, named lxRNA, that is active in expression of the X protein (12) , and the short 0.7-kb transcript, referred to as sxRNA. The other HBV transcripts, namely pg/pcRNA and the PreS2/S RNA species, began to accumulate about 4 h later. The 2.2-kb transcript is a spliced variant and is reactive to a Core gene-specific probe (data not shown). The HBV lxRNA and sxRNA levels were significantly reduced at longer time points and were hardly detected 5 days posttransfection. These results are in agreement with previous reports on the temporal program of HBV transcription (51) . To rule out the possibility that this pattern of gene expression is unique to the employed DNA configuration, we transfected cells with an HBV dimer DNA and a circularized monomer genome that was generated by in vitro self ligation (12) . The pattern of transcription is identical in all 1800 DOITSH AND SHAUL MOL. CELL. BIOL.
three DNA configurations (Fig. 1C , lanes 1 to 3). Furthermore, the circularized HBV DNA monomer shows the same temporal transcription program, with the X transcripts being the first to be detected (Fig. 1C , lanes 4 to 6). To quantify the difference in the relative amounts of the various transcripts over time, the levels of the lxRNA and pg/pcRNA from 14 different experiments were determined by phosphorimager. The ratio between the level of these early (lxRNA) and late (pg/pcRNA) transcripts was calculated and plotted versus time (hours) in a semilogarithmic scale. At the early time points there is over 20 times more early RNA, whereas at the late time points the ratio drops to less than 0.2 ( Fig. 1D ). The differences between the stability of these transcripts cannot account for these kinetics as previously reported (12) . These data indicate that HBV transcripts are categorized into two groups based on their timing of expression. One, the early transcripts, initiate at the X-gene promoter, and the other, the late transcripts, initiate from all the other known HBV promoters. Given the fact that the X-gene promoter is under regulation of EnhI, the early transcripts are expected to be regulated by this enhancer (see below). Chang cells are defective in supporting expression of the HBV late transcripts. A number of liver-derived cell lines are commonly used to study HBV transcription. Among the employed lines, Chang cells (CCL-13) are exceptional, as their liver origin has not been fully validated. Huh7 and Chang cells were transfected with either wild-type or mutant HBV DNA ( Fig. 2A) , and the transcription pattern was determined and compared. In the Chang cells, the early lx-and sxRNA species were the major transcripts detected, along with very poor expression of the other transcripts (Fig. 2B, compare lanes 1 and  4) . Protein analysis revealed that Chang cells are inefficient in the production of the Core protein. This finding is in agreement with the low level of the pgRNA that encodes the Core protein (Fig. 2B, lanes 1 and 4) . Both sxRNA and lxRNA encode the X protein (Fig. 2C) , in agreement with a previous report (12) . However, lxRNA also contains a complete CORE ORF (Fig. 1A ). An HBV DNA mutant (construct X-C), whose VOL. 24, 2004 HBV GENE EXPRESSION 1801 X ORF was fused to that of CORE, can express the X-Core chimera 40-kDa protein, provided that lxRNA is efficiently produced (12) . Protein analysis revealed that Chang cells efficiently express the X-Core chimera protein (Fig. 2B , lanes 2 and 5), further reinforcing the fact that Chang cells express lxRNA. As expected, a double HBV DNA mutant containing a stop codon in the X ORF did not support the production of the X-Core fusion protein (Fig. 2B , construct X ko -Core). These data suggest that Chang cells favorably support the transcription from the X-gene promoter (see below). Given the fact that activation of the X-gene promoter is an early event, we concluded that Chang cells are impaired in synthesis of the HBV late transcripts.
Regulation of HBV transcription by hepatocyte nuclear factors. Two distinct enhancers regulate HBV transcription. EnhI is likely to be responsible for the activation of the early transcripts, and EnhII is likely to be responsible for the late transcripts. If true, the unique HBV transcription pattern in Chang cells may result from a lack of EnhII activity. Hepatocyte nuclear factors, such as HNF1, HNF3, and HNF4, play an important role in HBV transcription, and several associated binding sites were mapped within the HBV genome at both enhancers (Fig. 3A) . One of the nuclear factors, HNF4␣, preferentially activates EnhII (42, 53) .
Chang cells were transfected with an HBV plasmid together with the hepatocyte nuclear factors in different combinations, and the levels of HBV transcripts were determined by Northern blotting. The data shows that HNF4␣ increased the expression of both the pc/pgRNA and the preS2/S RNA (Fig.  3B) . Elevated amounts of the Core and HBeAg proteins were shown to be directly related to the pg/pcRNA levels (Fig. 3B , protein analysis). HNF1␣ gave rise to a high level of the preS1 RNA (Fig. 3, compare lanes 1 and 2) , which is consistent with the fact that the preS1 promoter contains an active HNF1␣ binding site (58) . Expression of HNF3␣ alone did not significantly affect the HBV transcription pattern (Fig. 3B, compare  lanes 1 and 4) The wild-type (wt) 1.3xHBV construct programs the synthesis of the X, Core, and HBeAg proteins by the lxRNA, pgRNA, and pcRNA, respectively. The X-C construct, harboring a fused X-Core gene, directs the synthesis of a 40-kDa X-Core fused product by the lxRNA. The X-C mutant directs the synthesis of Core protein by the pcRNA but is incapable of producing the HBeAg by the pcRNA, since the HBeAg gene resides upstream of the frameshift mutation site (12) . The X ko -C mutant harbors an additional stop mutation at position 27 of the 5Ј-end X gene and is therefore incapable of producing both the X-Core fused product and the HBeAg. (B) Huh7 and Chang cells were transfected with either the wt 1.3xHBV DNA (lanes 1 and 4) , the X-C mutant (lanes 2 and 5), or the X ko -C mutant (lanes 3 and 6). Lane 7 shows the RNA pattern obtained upon transfecting Chang cells with a circular HBV DNA. RNA was analyzed as described in the legend to Fig. 1 . For Northern blotting hybridization the X-gene DNA probe was used. For protein analysis, monoclonal mouse anti-Core (mAb 22) and a monoclonal mouse anti-␤-tubulin antibody were used. (C) The Huh7-transfected cells with wt HBV DNA were analyzed for pX production by using anti-pX-specific monoclonal antibody generated in our laboratory. IB, immunoblot.
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that obtained with HNF4␣ alone. These results indicate that the hepatocyte nuclear factors support HBV transcription, and in Chang cells expression of the late HBV transcripts can be improved by overexpression of HNF4␣. Induction of HBV late transcription by NRs. HBV transcription is regulated by a number of NRs apart from HNF4␣. RXR␣ heterodimers, together with either PP〈R␣ or PP〈R␥, bind to NRREs found within the HBV genome (Fig. 4A) . Different NRs compete in binding to a given NRRE. Some NRs cause repression activity (42, 55) . It has been reported that overexpression of PPAR␣-RXR␣ in the presence of their associated ligands leads to an increase in pgRNA synthesis with little or no effect on other HBV transcripts (53) . This is possibly done via preferential activation of EnhII. To examine the involvement of NRs in transcription of the late transcripts, Chang cells were cotransfected with HBV DNA in various combinations in the presence or absence of their respective ligands. RXR␣ alone did not improve HBV transcription, but a significant induction in the level of the late transcripts was obtained in the presence of retinoic acid, its cognate ligand (Fig. 4B, lanes 5 and 6) . PPAR␣, in the presence of its ligand, PGJ2, increased the level of the late transcripts, although to a much lower extent than RXR␣, with no significant effect on the sx-and lxRNA levels (Fig. 4B, lanes 7 and 8) . The effect of PPAR␥ overexpression on pg/pcRNA synthesis was only moderate when transfected alone or together with RXR␣. The highest induction in the level of late transcripts was obtained when RXR␣ and PPAR␣ were cotransfected (Fig. 4B, lane  11 ). Collectively these results suggest that in Chang cells the late pg/pc and PreS2/S promoters are poorly functional, possibly due to the inefficient activity of EnhII.
An active upstream enhancer is required for efficient HBV early and late transcription. Having demonstrated that in
Chang cells accumulation of the late transcripts can take place by overexpression of a set of specific NRs, we next examined the role of EnhI in this process. To this end, we have replaced the upstream (5Ј) EnhI element of the 1.3xHBV construct with Gal4-responsive sequences (Fig. 5A ). This artificial enhancer is inactive in animal cells unless strong activators in the form of Gal4-chimera proteins are provided. The chimera proteins contain the Gal4 DNA binding domain that is fused to desired activation domains (ADs). This construct, designated Gal4-1.3xHBV, contains a wild-type EnhI at its 3Ј end.
Huh7 cells were transfected with Gal4-1.3xHBV and with the wild-type 1.3xHBV DNA as a positive control. Removal of the 5Ј end of EnhI resulted in reduced levels of all the transcripts (Fig. 5B) , suggesting that EnhI supports the activity of all the HBV promoters. Next the Gal4 HBV plasmid was transfected together with a plasmid expressing one of the following chimera activators: Gal4-DBD, Gal4-Fos, Gal4-VP16, Gal4-p53, or Gal4-Sp1. To confirm the expression of the Gal4-fused proteins, Western blot analysis was performed by using anti-Gal4 antibodies (Fig. 5B, protein analysis panel) . Gal4-VP16 activator exclusively supported the accumulation of the late transcripts with concomitant repression of the early transcripts (Fig. 5B, lanes 6 and 7) . This may be the result of the known VP16 acidic AD activity that supports the far downstream promoter while repressing the proximal one (2, 18, 31, 49) . In contrast to VP16, the Gal4-p53 activator supported the expression of all the HBV promoters ( DNA showed no lxRNA and a very low level of sxRNA (Fig. 6,  lane 4) . The absence of lxRNA was expected. However, the fact that sxRNA was poorly expressed despite the fact that the HBV sequence contains an intact X gene, including its promoter and EnhI at the 3Ј end, was rather surprising. These findings strongly indicate that the 5Ј region of EnhI is functionally more important and that the majority of the sxRNA are transcribed from the 5Ј end of the X gene.
As described above, the Chang cells' missing function can be complemented by overexpression of either HNF4␣ or RXR␣-PPAR␣ ( Fig. 3 and 4) . Unexpectedly, HNF4␣ does not support late gene expression in the absence of a 5Ј-end functional EnhI (Fig. 6, lane 5) . Thus, the capacity of HNF4␣ to support late gene expression depends on a functional EnhI. To a lesser extent, late gene expression can be obtained with RXR␣-PPAR␣ as well (Fig. 6, lane 6) .
Activation of the artificial UAS enhancer by overexpressing Gal4-p53 and Gal4-VP16 chimera proteins is in agreement with the data obtained from Huh7 cells. The former supported transcription of all the HBV RNA, whereas the latter supports only the late RNA species (Fig. 6, lanes 7 and 10) . Overexpression of HNF4␣ and RXR␣-PPAR␣ further supported HBV transcription in Gal4-p53 but not in the Gal4-VP16-activated enhancer. Similar results were obtained in the context of reporter plasmids. The region between nucleotides 1987 and 682 (BglII-SpeI sites) was removed from the HBV genome to insert the Luciferase gene (Fig. 7A, 1 .3x wt HBV-Luciferase). This HBV-based reporter plasmid is activated by over- were plated in medium supplemented with 8% charcoal-treated fetal bovine serum from 24 h prior to transfection up to harvesting. After removal of transfected excess DNA, 9-cis-retinoic acid, prostaglandin J2 (PGJ2), and Wy-14643 were added to the cell media at the amounts indicated in the final concentrations. These are the ligands of RXR␣, PPAR␥, and PPAR␣, respectively. All cells were harvested 40 h posttransfection for total RNA analysis. For Northern blotting hybridization the X-gene DNA probe was used. GAPDH probe was used to quantify RNA in each lane.
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expression of HNF4␣ and RXR␣-PPAR␣ (Fig. 7B, lanes 1 to  4) . However, in the context of 1.3xGal4 HBV-Luciferase, where the 5Ј-end EnhI was replaced by the Gal4 binding site, the activity of the reporter plasmid was much weaker (lanes 5 to 7). The activity was partially improved by the cotransfected Gal4-p53 that activates the X promoter and hence is expected to mainly support the production of the X protein and not the Luciferase (lanes 8 to 10). In contrast, substantial activation was obtained by cotransfected Gal4-VP16 (lanes 11 to 13), in agreement with its capacity to stimulate the promoter of the Core gene (Fig. 7A) . These findings indicate that the HBV promoters are distinct and are differentially regulated in an EnhI-dependent manner. Furthermore, our data revealed a hierarchical regulation of HBV gene expression, whereby the activity of the EnhII depends on the prior activation of EnhI.
DISCUSSION
In this paper we have elucidated the intradynamic mechanisms that govern HBV gene expression. We show that the HBV transcripts can be categorized into two distinct groups. One group encompasses the sxRNA and lxRNA mRNA species expressing the X protein. These are accumulated early after transfection and disappear soon after. This is the characteristic of the viral early genes, and therefore these transcripts are regarded in this study as the HBV early transcripts. All the other HBV RNA species are collectively referred to as the late transcripts. In this study we show that the expression of these two sets of RNA species can be uncoupled. Previously, many researchers have only been able to detect the late transcripts and therefore questioned the existence of the X-genespecific mRNA species. One possibility is that these studies measured the level of HBV transcription during the late stages of viral gene expression.
In this study, functional dissection of HBV gene expression has been achieved by using an undifferentiated hepatocyte cell line called Chang (32) . These cells support EnhI activity and selectively produce the early transcripts. The defect in programming the synthesis of the late genes correlates with the absence of expression of the major activators of EnhII, namely HNF4␣ and RXR␣-PPAR␣ (data not shown). We have shown that ectopically expressed HNF4␣ and RXR␣-PPAR␣ in Chang cells was sufficient to restore the transcription of the VOL. 24, 2004 HBV GENE EXPRESSIONlate genes while hardly affecting early transcription. This finding is in agreement with the fact that these activators bind the EnhII NRREs with higher affinity than that of EnhI (53) . The emerging picture of the HBV transcription program is that each of the two HBV enhancers regulates a distinct phase of the viral life cycle. EnhI is responsible for the expression of the early transcripts, whereas EnhII regulates the late ones. The study of the Chang cells revealed that EnhI is active under conditions whereby no EnhII activity is detected, suggesting that EnhI is functionally autonomous. Unlike EnhI, in the context of the HBV genome EnhII is functionally not autonomous, and its activity depends on the presence of an active EnhI. Substitution of a 5Ј-end EnhI sequence with UAS sequence resulted in a sharp reduction in the expression of the late genes. This is despite the fact that the construct contained an intact EnhI at its 3Ј end. Substitution of the two copies of EnhI resulted in a complete abolishment in the HBV gene expression (data not shown). This was the case for Huh7 cells expressing HNF4␣ and RXR␣-PPAR␣, the EnhII activators. Furthermore, in Chang cells where the activity of EnhII is induced by overexpression of HNF4␣ and RXR␣-PPAR␣, no EnhII activation was obtained with a construct lacking the 5Ј-end EnhI sequences. The response to the activators can be reestablished by artificial activation of the 5Ј end with the Gal4 chimera proteins, such as Gal4-p53 and Gal4-VP16. These findings indicate that a functional EnhI is required for EnhII to be active. Thus, there is a hierarchical relationship between the two HBV enhancers that may determine the sequential pattern of HBV transcription. Expression of the late genes, those that are EnhII dependent, begins only after activation of EnhI and early gene expression.
The described pattern of temporal gene expression is characteristic of many DNA viruses and enables developmental programs in the viral life cycle. In general, viral regulatory proteins like the papovavirus large T antigen (27, 50) , adenovirus E1a (21, 33) , and herpes VP16 and Epstein Barr Virus Zta proteins (2, 7, 18) are made during the initial period of infection and induce the expression of the late structural genes. The X regulatory protein of HBV that is expressed by the early transcripts may play a similar role. However, no role was assigned to pX in EnhII activation to support the expression of the late genes. It was previously reported that the effect of X protein on EnhI is dose dependent (15) . At low levels pX positively regulates EnhI activity and supports transcription from the X promoter, whereas at high levels it plays an opposite role and represses the activity of the X promoter. Although not shown, it is very likely that repression of EnhI permits activation of EnhII. According to this regulatory loop pX functions as an early-late switch. However, the fact that HBV late transcripts could be detected under environments where no pX is produced suggests that although pX might be needed, it is not essential for switching the transcription program from early to late stage.
The PreS2/S promoter that controls transcription of the small-and middle-surface RNAs is TATA-less and shares extensive homologies with the simian virus 40 late promoter (5, 8, 14) . As such, it was shown that in contrast to other HBV control elements the factors that bind this promoter are not hepatocyte specific (4, 34, 37) . In this study we show that the pc/pg and PreS2/S promoters are coregulated by EnhII. Turn- ing on EnhII, either indirectly by Gal4-p53 or directly by Gal4-VP16, provoked PreS2/S promoter activity. These data, as well as the fact that EnhII specific induction by Gal4-VP16 stimulates the PreS2/S promoter, strongly argue that an active EnhII is both required and sufficient for PreS2/S promoter function. This is rather surprising considering the fact that enhancers preferentially activate the most immediate promoter, rarely acting upon the downstream ones. In contrast, the PreS1 promoter that controls transcription of the large surface antigen RNA is independently regulated. This is the only HBV promoter containing a classical TATA box sequence (44) . For its activation, the binding of both the ubiquitous Oct-1 and the liver-specific factor HNF1 is required (6, 56, 58) . In contrast to the PreS2/S promoter, HNF1␣ is sufficient to stimulate the PreS1 promoter, regardless of EnhII activity (data not shown). Occupation of two independent regulatory mechanisms for PreS1 and PreS2/S RNA synthesis emphasizes the demand for their precise relative ratio during HBV life cycle. Indeed, this ratio has been shown to be crucial for HBV virion production and maturation and nuclear cccDNA synthesis (37, 38, 41, 52) .
While attempting to activate the UAS enhancer through expression of the chimera Gal4-based activators we found a major difference between two very close ADs, namely p53 and VP16. The p53 AD supported expression of the early transcripts and restored response to NRs. This implies that p53 activity is similar to that obtained with the authentic EnhIprotein complex. This conclusion may explain our previous finding, that the p53 binding upstream to EnhI interferes with the EnhI activity (11, 39) . The interference is simply the result of competition between p53 and the EnhI complex for the same set of coactivators. In sharp contrast to p53, the VP16 AD repressed the early promoters and supported the expression of the late ones. This happened in the absence of transfected NRs, suggesting direct recognition of the late promoters by the VP16 AD. Understanding the molecular basis of this differential regulation by two very close transcription ADs is an interesting issue that should be addressed in the future. This may provide a mechanistic insight into how the HBV transcription switching is ensured. Soon after infection, EnhI is occupied by a set of proteins with p53 AD-like activity that supports early transcription. This complex is transient and is replaced by a second complex that has a VP16-like activity to support late gene transcription. This novel dynamic mechanism of enhancer activity that we found in HBV may have genome-wide implications in cell regulation and development as well.
